Changes in body temperature can be evoked mainly by alterations in the peripheral temperature, or modified by shifts in the central body temperature. Two conditions can lead to abnormal elevation of body temperature: hyperthermia or fever. As regards respiratory system, exposure to heat stress is accompanied by marked alterations in breathing, especially by an increase in ventilation. Ventilation rises due to an increase in central output from hypothalamus or brainstem, an increase in peripheral output via skin temperature receptors, an increase in central or/and peripheral chemoreceptor output or sensitivity and can be also mediated through changes in thermoregulatory mechanisms. This review summarizes results of previous studies as well as of experiments done in our laboratory in order to elucidate the mechanisms included in respiratory changes under heat stress.
INTRODUCTION
Exposure to heat stress is accompanied by an increase in ventilation irrespective of a reason of elevated body temperature. Despite of low metabolic demands, hyperthermia and fever are accompanied by an increase in pulmonary ventilation (1) . For this reason, a heat-mediated increase in ventilation must be caused by a change in sensitivity and/ or activity of neural and/or chemical respiratory control and by its altered interaction with thermoregulation.
The aim of this review is to present and summarize the insights into the interaction between thermoregulation and control of breathing and to discuss recently suggested mechanisms in the light of current literature and the results of our experimental studies.
Thermoregulation and abnormal elevation of body temperature
Body temperature is closely regulated by homeostatic mechanisms that strike a balance between heat production and heat dissipation (2) . Heat is a product of all metabolic processes and it is dissipated over the body surface. The skin accounts for about 90% of heat loss, with the lungs contributing most of the remaining 10%. In the basal state, about 70% of the body's thermal load is dissipated by conduction; 30% is removed by the evaporation of insensible perspiration. Radiation and convection are less important mechanisms of heat removal. When the ambient temperature rises or metabolic heat production increases, evaporation accounts for the major share of heat dissipation (3). In humans, controlling centre for thermoregulation is located in hypothalamus. Hypothalamus detects changes in the body´s thermal state directly from changes in blood temperature and indirectly by peripheral inputs from thermosensitive receptors located in the skin and in the muscles (4) . The preoptic nucleus of the anterior hypothalamus functions as the thermal control centre and acts to maintain the body temperature at a set value. Thus, it serves as so-called hypothalamic thermal set point (5) .
Abnormal elevation of body temperature, or pyrexia, can occur as a result of hyperthermia or fever. In hyperthermia, thermal control mechanisms fail, so that heat production
exceeds heat dissipation. The most important clinical causes of severe hyperthermia are heatstroke, neuroleptic syndrome, and malignant hyperthermia of anesthesia. Experimental hyperthermia is usually performed by body surface heating using a heating pad and radiant heat from an infrared lamp. In contrast, in fever, the hypothalamic thermal set point rises, and intact thermal control mechanisms are involved to rise body temperature up to the new set point (3). In febrile response, body temperature is raised by both increased heat production and decreased heat loss (6) . A classical model of fever pathogenesis implies a direct effect of various pyrogens on hypothalamus to elevate the thermal set point (7) (Fig.1) . Experimentally, fever can be induced with a bolus injection of pyrogenic substance to laboratory animals. Administration of commonly used lipopolysaccharide (LPS) results in mono-or polyphasic body temperature rise and other inflammatory sequels of infection (6) . It is generally considered that LPS-induced fever is mediated by production of cytokines (interleukin 1 and 6) and subsequent induction of prostaglandine E2 as a central mediator of fever in hypothalamus. Features of experimental fever strongly depend on several critical factors: the serotype of lipopolysaccharide, the dose and the way of administration (7). 
Breathing pattern and neural control in thermal stress
The body temperature changes are accompanied with marked alterations in breathing pattern. These changes are evoked by alterations in the peripheral temperature, or modified by shifts in the central body temperature, eventually by other mechanisms. Hyperpnoea associated with elevated core temperature was described for the first time by Haldane in 1905 (8) and since then numerous studies have been focused on investigation of breathing control in elevated-body temperature conditions. For many animals an elevation in body temperature enhances respiratory frequency but decreases inspiratory amplitude and its duration. The increase in respiration helps to cool the body and restore its temperature to a normal range. In fact, the temperature-dependent modulation of respiratory frequency (e.g. panting) is a major mechanism to dissipate heat and avoid heat-stroke.
What are the mechanisms that mediate the hyperthermic hyperventilation ? The scale is extensive as hyperventilation was shown to be mediated by increase output from structures of central nervous system, through increase in peripheral output from skin recep-M A R T I N I A N A 2 0 1 1 S U P P L . 1 26 tors, by increases in output of central or/and peripheral chemoreceptors or changes in their sensitivity and through changes in thermoregulatory mechanisms (9 -12) (Fig. 2) .
Fig. 2 Sensors, centres and effectors involved in control of breathing
Several studies confirmed a crucial role of hypothalamus in modulating respiratory frequency with changes in body temperature (13 -15) . In some species, a specialized breathing pattern known as panting is mediated by the thermoregulatory system in the preoptic area of the hypothalamus. However, temperature can also directly affect the activity of the respiratory neural network located in the medulla. For instance, area of pre-Bötzinger complex was suggested to play critical role in a change of breathing pattern during thermal stress (16) . Direct effect of endotoxin on respiratory centres should also be considered. It was reported that endotoxin may induce alterations in respiratory motor output independently of fever response (17) . Saxton (18) documented hyperventilation associated with a reduction in end-tidal PCO 2 in heat stressed subjects suggesting two major reasons of altered breathing pattern: first, a change in sensitivity of central chemoreceptors and second, a change in the threshold of that response.
Besides central mechanisms, elevated body temperature can evoke a change of breathing pattern also by peripheral feedback control or by a combination of both. Slowly adapting pulmonary stretch receptors and vagal afferent fibres from lungs play an important role in the regulation of respiration rate and tidal volume in mammals (19) . Activation of pulmonary slowly adapting stretch receptors elicits Hering-Breuer reflex, that is defined by inhibition of inspiratory and prolongation of expiratory phases of respiratory cycle (20) . Crucial importance of this reflex is to accomplish inspiratory to expiratory switching and to prevent overinflation of the lungs. Under conditions of thermal stress, a contribution of this control varies among species (10, 19, (21) (22) (23) as enhanced sensitivity and increased response of Hering-Breuer reflex were found in rats exposed to progressive hyperthermia (24), but not in rabbits (10) .
During fever, besides apparent thermal response, a direct effect of endotoxin on vagal sensory receptors of the airways and lungs must be considered. Our data have shown that both the strength and duration of Hering-Breuer reflex were reduced in rats during fever response (25) . Endotoxemia is known to cause the local release of various chemical mediators in lung tissues and produces bronchoconstriction, increased lung stiffness, and tissue edema (26) . It is possible that these endotoxin-induced consequences may serve as chemical and mechanical stimuli to activate lung vagal sensory receptors. Several investigators (27) (28) (29) (30) (31) (32) have suggeste d that various local or reflex pulmonary responses to endotoxin are linked to the stimulation of lung vagal sensory receptors included C-fibres.
Chemical control of breathing in thermal stress
Chemical control of breathing involves a complex interaction of central and peripheral sensors, integrating centre and effector system (33) . A direct effect of elevated temperature on the chemoreceptors can induce heat-hyperpnea. However, it is difficult to directly measure chemoreceptor output in response to thermal stress (9) . Direct heating of central chemoreceptors led to decrease in minute ventilation in cats (34) . Electrophysiological studies have revealed that carotid body activity increases with increasing temperature (35 -39) . This thermal sensitivity is high and hyperthermia, like hypoxia, increases carotid chemoreceptor CO 2 sensitivity (40) . As an alternative approach, in most of studies a measurement and an analysis of ventilatory responses to hypoxia or/ and hypercapnia have been applied.
Hypercapnic ventilatory response (HCVR) is mediated by both, central and peripheral chemoreceptors. While the model of central chemoreflex is expressed as a straight-line relation between the ventilatory response and the arterial level of carbon dioxide, the peripheral chemoreceptors are complex sensors and their sensitivity to carbon dioxide is controlled by hypoxia in a non-linear way. This physiological concept of chemical control mechanisms illustrates methodological complexity of chemoreflexes measurement. Investigation of HCVR mediated by central chemoreceptors has brought contradictory observations. Some authors have found increased central chemoreflex sensitivity (41) (42) (43) (44) , but other studies have not confirmed any change in sensitivity of central chemoreceptors under conditions of thermal stress (e.g. 45) . In some experiments, a decrease of HCVR in a warm environment was observed (46) . There are several possible reasons for contradictory observations, among them the different methods of investigation seem to be the most feasible. Recently, it has been proposed that hyperventilation accompanying heat stress is associated with an increase in chemoreceptor sensitivity (47, 48) . Some authors suggest an interaction between thermal and central chemoreceptor drives to breathe (41) . This relation is multiplicative rather than additive. There is also an additive ventilatory drive component due to thermal stimuli independent of carbon dioxide. The role of thermoregulatory structures as a possible place of interaction hypercapnia/ hyperthermia is still questionable, and the results differ in dependence of animal species. While in cats an increased activity of central thermoreceptors during hypercapnia was found (49) , in hamsters the activity of preoptic thermosensitive neurons decreased with a rise of CO 2 (50). Berquin et al. (51) identified also caudal hypothalamus as a site of central hypercapnic chemoreception that extends the possibilities where an interaction between an elevated body temperature and hypercapnia takes place.
Ventilatory responses to hypoxia (HVR) are mediated primarily by the carotid bodies (90 %) and partially by the aortic bodies (10 %) (52) . Previous works on animals have shown a larger increase in ventilation to a given hypoxic stimulus during elevated body temperature (53, 54) . However, Watanabe and co-authors (55) have shown that respiratory response mediated via peripheral chemoreceptors decreases in higher environmen-M A R T I N I A N A 2 0 1 1 S U P P L . 1 28 tal temperature in kittens. It is probable that the metabolic rate reduction leads to lower amplitude of oscillation in PaCO 2 , and thus to lower intensity of respiratory response to hypoxia. Similar inhibition of isocapnic HVR was observed in hyperthermic rabbits (56) . Only few studies have investigated HVR under conditions of thermal stress in man and data has shown augmented HVR sensitivity, but also large inter-individual variability associated with HVR test (57, 58) . Therefore, recently recommended HVR method may allow more detailed assessment of ventilatory responses mediated by peripheral chemoreceptors as well as easier comparisons of results and help to avoid methodological discrepancies (59) .
Conclusion
It becomes clear that changes in respiratory control and in thermoregulation affect each other. Heat stress strongly affects the ventilation as a result of additive and maybe multiplicative responses of neural and chemical control loops. Up to now, these interactions are not satisfactory clarified and a lot of work still must be done in this field. Theoretically, such effects could give rise to failure of the respiratory system and there is some circumstantial evidence to support the concept that on occasions such interactions may be of importance in sudden unexpected death in infancy.
